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Retrofitting of Natural Gas
Melting and Heating Furnaces for
Sustainable Manufacturing and
Industry 4.0
Different retrofitting measures can be implemented at different levels of the industrial
furnace, such as refractory layers, energy recovery solutions, new burners and fuel
types, and monitoring and control systems. However, there is a high level of uncertainty
about the possible implications of integrating new technologies, not only in the furnace
but also on the upstream and downstream processes. In this regard, there is a lack of holis-
tic approaches to design the optimal system configurations under a multicriteria perspec-
tive, especially when innovative technologies and multi-sectorial processes are involved.
The present work proposes a holistic approach to natural gas melting and heating furnaces
in energy-intensive industries. A multicriteria analysis, based on criteria and subcriteria, is
applied to select the most profitable retrofitting solution using the analytic hierarchy
process and stakeholder expertise. The methodology is based on technical indicators,
i.e., life cycle assessment, life cycle cost, and thermoeconomic analysis, for evaluating
the current state of existing natural gas furnaces. Once the current state is characterized,
the methodology determines the potential of efficiency improvement, environmental
impact reduction, and cost-savings caused mainly by the implementation of new retrofitting
solutions including new refractories, new burner concepts (co-firing), and innovative
energy recovery solutions based on phase change materials. Therefore, this methodology
can be considered as the first stage that guarantees technical, environmental, and economic
feasibility in evaluating the effects of new technologies on the overall system performance.
[DOI: 10.1115/1.4044769]
Keywords: alternative energy sources, energy conversion/systems, energy storage systems,
energy systems analysis, fuel combustion, heat energy generation/storage/transfer
1 Introduction
The aluminum industry is an energy-intensive industry (EII) con-
tributing around 0.21% of greenhouse gas emissions generated by
the industrial sector [1]. This has caused EIIs to continuously face
new challenges to increase the efficiency, reliability, and competi-
tiveness of their processes [2].
According to Gerres et al. [3], there are several equipment and
strategies for potential abatement of CO2 emissions, such as heat
recovery, furnaces, process heat provision, and alternative feed-
stock. In particular, furnaces with the highest energy consumption
have been the focus of multiple studies that address radical
improvements in the competition, energy, environmental perfor-
mance, and cost performance at the system level. For this
purpose, the development of improved designs based on new
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materials, alternative feedstock, innovative equipment, and integra-
tion of permanent monitoring and control systems into new and
existing furnaces is essential. This is particularly relevant in the alu-
minum sector because of its growing global demand despite the
research on the application of new materials to develop lightweight
products [4,5]. In fact, aluminum remains one of the best options for
light construction compared with other materials in the coming
years. Therefore, the aluminum industry is selected as a case
study in this work.
In this regard, the combination of technical indicators together
with environmental and economic life cycle assessments (LCAs)
is a useful tool for decision-making in the aluminum industry
[6–8]. These tools are aimed to identify and evaluate technical, eco-
nomic, and environmental impacts attributed to all streams and pro-
cesses alongside the entire value chain. In addition, they evaluate
the best technological innovation for implementation.
Technological innovation is an important activity to optimize the
efficient and clean use of energy and material resources by increas-
ing process efficiency, decreasing manufacturing time, reducing
energy and material wastes, and increasing productivity, among
others. However, technological innovations need to be managed
without partial perspectives because they can reduce their potential
and limitations for sustainable growth. They need to be addressed
from a holistic perspective, systemically and systematically. In par-
ticular, the LCA methodology has an important role on the basis of
ISO 14040 and 14044 standards [7,8], which guarantee that the
evaluation methods have been developed with substantial consis-
tency and quality assurance. The selected indicators, e.g., global
warming and ozone formation, can measure the environmental
impacts of a process. These indicators help identify strategies to
optimize the process from an environmental perspective. Accord-
ingly, the LCA methodology presents interesting opportunities in
the area of sustainable resource consumption [9–13].
In addition, the LCA methodology can be extended to a life cycle
cost (LCC) approach, which consists of the economic evaluation of
the different stages of product life cycle by the identification and
quantification of four cost categories: investment, operation, main-
tenance, and end-of-life disposal expenses.
In addition to LCA/LCC studies, thermoeconomic analysis (TA)
represents the third pillar for the development of the proposed mul-
ticriteria analysis. This is based on the combination of the second
law of thermodynamics and concepts associated with an economic
analysis. This analysis uses exergy accounting as a tool to evaluate
the use and degradation of the energy quality and other natural
resources along a system. Its final objective is to reveal potentials
for process improvement in terms of types and magnitudes of
destroyed exergy [14].
Using these three analyses (LCA/LCC/TA) can extract a wide
range of indicators. Considering the complexity of extracting
common patterns among available indicators, it is necessary to
adopt a decision-making methodology that enables the whole
system to achieve optimal performance according to its specific pri-
orities. Multiple criteria decision analysis (MCDA) has been exten-
sively used as a strategy to solve decision-making problems for
various applications [15–17]. This big data management model
acts as an intelligent system for identifying the optimal alternative
by considering both quantitative and qualitative criteria. In particu-
lar, the analytic hierarchy process (AHP) is an MCDA strategy used
for big data analytics, which will help in the transition to Industry
4.0. According to the proposed approach, AHP is applied here to
combine the three pillar criteria with alternatives using a hierarchi-
cal structure as a practical tool for an optimal solution. The multi-
criteria analysis tool can assess the best alternative for optimizing
the furnace system not only from environmental and economical
perspectives but also by using an innovative methodology of sus-
tainability optimization.
The aluminum casting sector has been selected as a case study.
Using this third pillar criterion, the multicriteria analysis tool can
assess the best alternative for optimizing the furnace system not
only from environmental and economical perspectives but also by
using an innovative methodology that will create vital knowledge
for data-driven approaches and the Industry 4.0 concept. In fact,
the Internet of things (IoT), cybersecurity, and integration of hori-
zontal and vertical systems are modern technologies that will play
an important role in future studies.
In summary, the current study focuses on the achievement of
LCA, LCC, and TA goals, which offers guidelines to perform
these methods on the aluminum sector with a special focus on
natural gas melting and heating furnaces, allowing other researchers
to compare them with other systems. This outcome has not been
presented in other studies. This represents a unique outcome of
this research since the novel multicriteria analysis, considering
AHP and stakeholder expertise, is based on energy, exergy, envi-
ronmental, and economic indicators considering the life cycle
perspective.
2 Methodology
As recognized by the scientific community, Industry 4.0 repre-
sents a vision for factories of the future driven by technological
advances using IoT, big data, cloud computing, simulation, aug-
mented reality, robotics, additive manufacturing, cybersecurity,
and integration of horizontal and vertical systems. The proposed
methodology focuses on evaluating the implementation of disrup-
tive technologies from previous studies, e.g., new refractories
[18], new burner concepts [19], and innovative energy recovery
solutions based on phase change materials (PCMs) [20] and is sup-
ported by an MCDA strategy to select an optimal solution based on
multicriteria prioritization that includes both horizontal and vertical
systems.
2.1 Process Description. In this study, the aluminum sector
has been selected as a case study because of its increasing
demand and rising greenhouse gas emissions. Among all stages
in the processes of the aluminum sector, the more energy-intensive
steps are those related to furnace systems, and hence, they are
selected for this evaluation. In particular, two types of furnace
systems have been selected: the first consists of an aluminum
casting system fed by a melting furnace, and the second consists
of an extrusion process composed by a heating furnace where alu-
minum is heated but not melted.
The melting unit is in charge of heating the aluminum loaded
from room temperature to 730 °C (higher than its fusion tempera-
ture). The raw material introduced into the furnace mainly consists
of primary aluminum mixed with traces of other elements such as
silicon, iron, and magnesium. The other major raw material used
is scrap, mainly composed of secondary aluminum with traces of
silicon, iron, and magnesium. The furnace is fueled with natural
gas and the combustion air preheated to 550 °C in an auxiliary
regenerative burner to keep the aluminum alloy at 730 °C and the
furnace pressure at 0–15 mbar. The main flue gas stream leaves
the furnace at 950 °C (highest temperature in the furnace) from
two outlets. The main exhaust gas (around 90% of the total flue
gas) flows to a regenerative burner to heat the combustion air
from room temperature to 550 °C and leaves the system at an
outlet temperature of 145 °C. The remaining flue gas (10% of the
total gas flow) is removed as hot gas drainage though a damper
system (without heat recovery).
On the other hand, the second aluminum furnace system is a
heating furnace that increases the billet temperature to feed the
next extrusion process. This furnace also uses natural gas as a
fuel and an oxidant flow, which is air previously heated in the
recovery system, where its temperature is increased from room tem-
perature to about 120–150 °C. This heating furnace can be divided
into three different zones. The gas burners are at the end of the
furnace, which has the highest temperature. The aluminum billet
leaves this zone and the furnace at 400–460 °C, ready for extrusion.
The exhaust gases generated as a consequence of natural gas com-
bustion flow toward the second zone is called as preheating zone.
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The temperature of the billet in this zone is increased to 180–
200 °C. The exhaust gases then circulate through the heat recovery
equipment, which acts like a heat exchanger and where part of its
heat is transferred to the combustion air, as previously mentioned.
Gases that are still hot are circulated again to the first zone of the
furnace. The cold billet is then heated in the pre-preheating zone
for the first time, from room temperature to 80–100 °C. Finally,
gases are released to the environment using an exhaust fan
through a chimney at 212 °C.
2.2 Technical Analysis. The first stage to analyze the potential
implementation of retrofitting measures consists in the comprehen-
sive analysis of all the material and energy streams in order to eval-
uate relevant indicators. The most relevant indicators for the
analysis of melting and heating furnaces can be described as
follows:
• Net energy input (NEI): It is the difference between exhaust






The energy of each component is obtained by calculating its
specific enthalpy (h) at the flow temperature and mass flow (m)
using Eq. (2). For example, for exhaust gas eg, the equation is
defined as
Eeg = hegṁeg (2)
• Melting yield (MY): It is ratio of the energy necessary to melt





• Heating yield (HY): It is ration of the energy necessary to heat





• Energy losses inside the furnace (Eloss): It is the difference
between the net energy input and the total energy required to
melt the incoming charge. This indicator includes all losses
that can be observed in Sankey diagrams (flue gas losses,
by-product losses, and losses representing radiation and con-
vection effects).
Eloss = NEI − EAl (5)
• Recoverable energy (RE): It is the energy that can be recovered
from exhaust gases using an energy recovery system at a
minimum final temperature of the gases at the exit (Tmin) of
150 °C.
RE = Eeg − megheg(Tmin) (6)
2.3 Life Cycle Assessment and Life Cycle Costing. LCA and
LCC were performed to quantify the magnitude of environmental
and economic benefits of the retrofitting measures that can be imple-
mented at different levels of the aluminum melting and heating fur-
naces. The LCA methodology consists of the application of the four
interactive phases well described in ISO 14040:2006 and ISO
14044:2006 standards [21,22] (goal/scope definition, inventory
analysis, environmental impact evaluation, and interpretation of
results). The software SIMAPRO ANALYST was used for all calculations
using integrated in-house databases complemented by Ecoinvent
3.0 and ReCiPe 2016 v1.1 (Midpoint Hierarchist method); the
latter was used for assignment of environmental categories using
their 18 category indicators.
For the evaluation of the environmental impact of the process, the
functional unit is 1 kg of raw material consisting of primary alumi-
num, additives, and scrap. Thus, the melting and heating systems
to be studied as part of LCA are schematically presented in Figs. 1
and 2. The evaluation involves all inputs and outputs of both
furnace systems. The main inputs include primary aluminum, addi-
tives, scrap (recycled), combustion air, and natural gas, while the
main outputs include molten aluminum, slag, and fumes.
Regarding the second assessment included in this optimization
study, the LCC methodology is based on the economic evaluation
of different phases of the product life cycle. The initial capital
outlay cost of an asset is normally well known and is often a key
factor influencing the choice between the acquisitions of different
alternatives. However, the initial capital outlay cost should not be
the only factor that needs to be considered because while making
the right choice for asset investment it is only a portion of the
cost of an asset’s life cycle.
In this sense, an LCC study aims to quantify the cost of owner-
ship of an asset during its economic life and can be a useful tool
for decision-making regarding the acquisition of different assets.
Four main cost categories are assessed in this study: investment
cost, operating cost, maintenance cost, and end-of-life cost.
Due to the confidentiality of the data and the fact that the data are
highly dependent on the selected end user, detailed information on
the primary cost is not provided in this study. Nevertheless, impor-
tant results regarding the contribution of the main phases and
general input categories are shown. In addition, to analyze the
costs from a more standard view, TA is performed.
2.4 Thermoeconomic Analysis. The first step in developing
TA consists of identifying and quantifying the material and
energy flows involved in this system. It is then possible to obtain
the exergy balance for the same system. The exergy of material
flows is formed by two components: chemical exergy, which can
be found in specific databases [23], and physical exergy, whose
value depends on the thermodynamic properties of the flow. Con-
versely, exergy of energetic flows, such as electricity and pure
work, is equal to its energy. Once all exergies are calculated,
exergy balances are obtained to compute the yields in terms of irre-
versibility and exergy of each stage. From this point, some of the
most important thermoeconomic parameters, such as unit exergy
cost and unit exergy consumption, are calculated. The analysis of
these parameters is the main purpose of TA.
Exergy is defined as the maximum amount of work done by a
system, a flow of matter, or energy as it reaches equilibrium with
respect to a reference environment [24]. Irreversibility accounts
for the exergy that is destroyed in a system, because unlike
energy, exergy cannot be conserved. The exergy cost of a mass
or energy stream is the amount of exergy required to produce it,
and the unit exergy consumption is the number of exergy units
required by each component from other components (or from the
environment) to obtain a unit of its exergy [14].
2.5 Multicriteria Analysis. Based on this methodology, all
indicators are identified and prioritized into the three main
domains: environmental, technical, and economic, as shown in
Figs. 3–5. All previously mentioned analyses are fully integrated
for a holistic approach to select the most sustainable innovation.
Figure 6 displays the structure of the visualization tool that sup-
ports the implementation of the methodology. This approach is sup-
ported by MCDA and, in particular, AHP, which helps identify the
optimal solution based on multicriteria prioritization. In this study,
the three main domains, i.e., environment, technical, and economic,
are defined, which correspond to the first level of the hierarchy. In
each domain, technical, environmental, and economic indicators
have been identified, assessed, and prioritized based on stakeholder
expertise.
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The tool allows the users to visualize the complex synergies
among all inputs by estimating all selected indicators for each
domain extracted from AHP. According to the methodology
explained in Sec. 2.2, the following technical ratios are calculated:
(1) net energy input, (2) melting yield, (3) losses inside the furnace,
and (4) recoverable energy from remaining exhaust gases (exhaust
gases from furnace+ damper− preheated air). From these values,
the potential benefit from three specific strategies, exhaust gas
energy recovery, improved refractories, and implementation of
co-firing strategies, is calculated considering various possible indi-
cators. Then, the program selects the retrofitting strategy with the
greatest on technical indicators, followed by economic and environ-
mental indicators.
Despite the existence of a predefined preference list obtained
from selected stakeholders, the user has the option to prioritize
the domains in a different order to consider the internal strategies
of each production process. To conclude, an internal validation of
the data is obtained by the tool using an extensive database
within the software that compares the results with previously vali-
dated ranges in pilot experiences and publications.
3 Results and Discussion
The first step of the analysis consists of the selection of indicators
used for MCDA. For this purpose, different surveys were submitted
Fig. 1 System boundaries of the Al melting furnace system
Fig. 2 System boundaries of the Al heating furnace system
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Fig. 3 Prioritization results for the indicators within the technical domain
Fig. 4 Prioritization results for the indicators within the environmental domain
Fig. 5 Prioritization results for the indicators within the economic domain
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to EIIs. The first and second levels of hierarchy have been com-
pleted by selecting the most relevant criteria and deriving their pri-
ority assignment. Pairwise comparisons of the selected criteria were
done by the expert panel, and the level of consistency was verified.
The results of this specific survey for the three domains, i.e., tech-
nical, environmental, and economic, are presented in Figs. 3–5.
3.1 Technical Indicators
3.1.1 Melting Furnace. First, a detailed percentage energy
balance of the melting furnace is shown in Fig. 7. The reference
values for computing the enthalpies in these calculations are
1 atm and 25 °C. Consequently, the input raw material (solid alumi-
num) and fresh air inputs do not contain energy.
Only 42% of the input energy is delivered to the aluminum.
During the preheating of air, the regenerative burner can recover
up to 20% of energy. In total, 7% of the energy is delivered to envi-
ronment, 5% in the regenerative burner, and 2% through the damper
unit. The remaining energy is converted to losses (damper and
regenerative burning unit losses are 3% and 14% of energy, respec-
tively). In the melting process inside the furnace, about 12% of
energy is lost. The remaining energy losses are estimated to be
about 22%. This includes uncountable losses during combustion
and heat transfer (radiation and convection) from furnace openings
[25]. It is worth noting that the sum of the energy furnace input is
more than 100% because it considers not only the energy from
the fuel but also the internal recovered energy from the regenerative
burner. This fact does not affect the global energy balance.
Apart from the graphical solution, for the complete characteriza-
tion of the melting furnace, the following technical indicators,
explained in Sec. 2, were calculated in terms of ratios: (1) net
energy input, 55%; (2) melting yield, 43%, (3) losses inside the
furnace, 12%; and (4) recoverable energy from remaining exhaust
gases (exhaust gases from furnace+ damper− preheated air), 23%.
Considering these values, it is worth mentioning that, at first sight,
two different retrofitting measures can be proposed. First, due to
the high percentage of recoverable energy detected from exhaust
gases, the implementation of an energy recovery system seems to
be promising to improve the efficiency of the entire system.
Second, although the potential of improvement is lower (around
12%), the reduction in losses inside the furnace using improved
refractories is another possible solution. Finally, the implementation
Fig. 6 Visualization tool conceptual structure
Fig. 7 Energy balance in the melting furnace
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of co-firing strategies can be considered to reduce fossil fuel depen-
dence. The most suitable solution is extracted from a multicriteria
analysis using LCA/LCC/TA analysis.
3.1.2 Heating Furnace. The energy balance of aluminum
heating process previously described is shown in Fig. 8. Since,
cold aluminum billet and combustion air enter the furnace at stan-
dard reference conditions, its energy account is considered zero.
Only 9% of the energy contributed by the fuel is delivered to the
product. The regenerative burner unit can save up to 5% of the
energy by preheating the air, and exhaust gases take off 9% of
the energy from the furnace.
The regenerative burner has 2% of energy losses, which is negli-
gible compared with the energy losses inside the furnace: 82%.
These losses include losses in the combustion process, refractories,
and furnace openings.
Moreover, all energy delivered to the environment through the
chimney can be recovered. In this sense, it is possible to recover
9% of the energy from the exhaust gases. However, we should
focus on the furnace losses, which are more than 80%. To overcome
these losses, a retrofitting solution based on new refractories is
required and furnace openings should be avoided.
3.2 Life Cycle Assessment Analysis
3.2.1 Melting Furnace. As previously mentioned, data col-
lected regarding LCA of the melting stage consist of main inputs
such as raw materials, primary aluminum, scrap, and additives as
well as natural gas and air stream. Main outputs include molten alu-
minum, slag, and fumes. LCA for upstream and downstream of the
furnace stage were also performed to have a global vision from envi-
ronmental point of view. The reference value for all data was the
functional unit (1 kg ofmaterial), whichwas converted appropriately
using the method described above to obtain LCA results.
Therefore, based on the global evaluation in terms of percentage,
the environmental performance of more than 90% in all indicators
(Fig. 9(a)) was attributed to the raw materials and, more particu-
larly, primary aluminum production.
It is worth noting that the contribution of raw material consump-
tion can only be minimized by strategies that are beyond the scope
of this study (e.g., increasing the use of recycled material as scrap,
recycling residues, or considering less material consumption). Con-
sequently, the evaluation of raw material has been isolated from
LCA. Under this scenario, the absolute environmental performance
of the entire process for the selected impact categories values are
0.16 kg CO2 eq/kg Al (climate change); 8.8 × 10
−5 kg NOx eq/kg
Al (ozone formation, human health); 9.6 × 10−5 kg NOx eq/kg Al
(ozone formation, terrestrial ecosystem damage), and 6.8 × 10−2 kg
oil eq/kg Al (fossil resource scarcity). The melting furnace accounts
for around 18% of the global warming indicator (Fig. 9(b)). Despite
its low impact compared to other stages, main retrofitting actions can
be conducted in order to minimize the environmental impact of the
implementing strategies to improve the furnace efficiency and to
lower the natural gas consumption, which are expected to be evalu-
ated as future furnace retrofitting options.
3.2.2 Heating Furnace. Similar to the aluminum melting
process, LCA was conducted to obtain information regarding the
environmental benefits of the retrofitting measures implemented
at different levels of the aluminum heating furnace. As explained
earlier, the case study focuses on an aluminum billet heating
stage, which is considered as the most important stage in the
heating furnace system. Inputs to this stage are mainly related to
energy consumption in terms of natural gas and electricity, alumi-
num billet itself, and combustion air, while outputs are the billet
heated at the required temperature and flue gases carrying surplus
energy. LCA for the upstream and downstream of the heating
furnace was also conducted. The main results regarding environ-
mental impacts associated with entire aluminum heating process
are depicted as percentage results in Fig. 10(a), which shows that
processes such as heating system, extrusion, and aging have
higher environmental burden. Based on the inputs and outputs for
each process, environmental impacts of aging and extrusion are
caused by consumption of electricity at these stages. Regarding
the heating furnace, the environmental burden is associated with
electricity and natural gas consumption having this latter more
than 60% of impact in most indicators (78% of them). The absolute
values for the selected impact categories are 0.34 kg CO2 eq
(climate change), 1.39 × 10−2 kg NOx eq (ozone formation,
human health), 1.40 × 10−2 kg NOx eq (ozone formation, terrestrial
ecosystem damage), and 0.13 kg oil eq (fossil resource scarcity).
Based on the heating furnace stage evaluation, it can be concluded
that the effects associated with natural gas combustion, particu-
larly natural gas consumption, are responsible for environmental
impact. Considering streams involving the heating furnace, the
implementation of strategies to improve furnace efficiency and min-
imizing natural gas consumption should be themain actions in reduc-
ing the environmental charge attributed to the furnace.
Fig. 8 Energy balance in the heating furnace
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3.3 Life Cycle Costing Analysis. The multicriteria tool
focuses on assessing the best alternative for optimizing the opera-
tion of the furnace system. Considering this approach, the opera-
tional and maintenance costs are the most relevant aspects, and
therefore, a detailed analysis was conducted for representative
melting. The main results show that maintenance costs have a
rather low contribution of total costs, which is mainly related to
the replacement of refractories during the furnace lifetime. In
terms of operational costs, the analyses involved inputs such as
primary aluminum (aluminum ingots), scrap, additives, electricity,
Fig. 9 Percentage distribution of environmental global performance associated with themelting process: (a) including
the aluminum raw material production and (b) excluding the aluminum raw material production
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water, lubricant, personnel cost, and natural gas. The operational
costs were merged into three categories: costs associated with
material consumption, costs associated with natural gas consump-
tion in the furnace, and operational costs incurred during the down-
stream processes. As expected, the most relevant category was the
metal cost (>75%), and more specifically, the cost associated with
the use of aluminum ingots as the raw material. However, as men-
tioned above, for replicability, direct costs are not considered for
the multicriteria analysis as monetary values; instead, TA is
performed.
Fig. 10 Percentage distribution of environmental global performance associated with the heating furnace: (a) including the
whole heating/extrusion process and (b) heating furnace stage
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3.4 Thermoeconomic Analysis. This analysis aims at identify-
ing how energy is used to optimize its consumption, therefore reduc-
ing resource requirements. For this purpose,first, the exergy balances
and the characterization of all flows involved in each system are
obtained. Then, the parameters shown in Table 1 are calculated.
The general exergy yield, calculated as the quotient between
exergy of the product and total exergy input in that stage (exergy
of cold aluminum and exergy of electricity and natural gas), is
91% for the melting furnace and 86% for the heating furnace.
These yields are high in both case studies due to the high chemical
exergy of the entering and exiting aluminum alloy (29369.4 kJ/kg).
Because both the numerator and the denominator of the exergy
yield equation have high values, the result is close to one.
However, completely different results are obtained if only the phys-
ical exergy of aluminum is considered in the exergy yield calcula-
tion. In the melting furnace, 1807 kWh/h of electricity and natural
gas are consumed to melt 1 kg of aluminum; however, the alumi-
num product increases its exergy only at 6 kWh/h. This means
that only 0.33% of the exergy input is incorporated in the product
despite the high exergy yield. With respect to the second furnace
system, the increase in exergy of the billet is 63 kWh/h, and the con-
sumption of natural gas and preheated combustion air used in the
furnace is 2025 kWh/h. Under this approach, the exergy yield is
only 3.1%, which means that for 100 kWh/h of exergy introduced
in the system, only 3.1 kWh/h is finally incorporated in the
product. The remaining exergy is lost or destroyed.
The second part of this study included the calculation of the most
relevant thermoeconomic parameters for each system. The value of
unit exergy consumption for the melting furnace system is 1.07.
This value is very close to one because of the high chemical
exergy of aluminum. Regarding the unit exergy cost, the only
product generated in this stage is melted aluminum. Considering
its exergy content and exergy cost, the unit exergy cost of the
furnace product is 1.069. This value is the same as the unit
exergy consumption because manufacturing of by-products is not
considered according to the boundary conditions previously
defined. Under these premises, the sum of the fuel flows is the
same as the exergy cost of the product. For the heating furnace
system, its unit exergy consumption is 1.15 and unit exergy cost
of heated aluminum product is 1.36. These parameters will also
be calculated for the same furnace system after incorporating differ-
ent retrofitting alternatives to compare the effectiveness of each pro-
posed improvement solution.
3.5 Multicriteria Analysis. Increasing the overall efficiency
and saving natural gas are the more relevant technical criteria. As
the retrofitting solutions are directly related to the furnace system,
the overall efficiency increase is proportional to the furnace effi-
ciency, i.e., melting/heating yield. Considering the environmental
aspects, reducing CO2 and NOx emissions are the most relevant
aspects to consider. To estimate both indicators, climate change
(measured in CO2eq) and ozone formation (measured in NOx eq)
indicators associated with fuel use have been analyzed. Finally, as
explained in Sec. 2, due to the confidentiality of the data and the
level of dependence of the specific location (country, region,
etc.), the economic perspective has been analyzed using TA, i.e.,
exergy cost indicator.
Once all individual analyses are performed, the next step consists
of the holistic analysis of all extracted results. According to the
technical analysis, three potential improvement solutions could be
implemented within this furnace: (1) energy recovery system, (2)
improved refractories, and (3) co-firing. The benefits of the three
innovative solutions are estimated by considering the corresponding
natural gas savings based on the impacts estimated by applying the
four criteria to the three retrofitting alternatives.
By applying the methodology explained in Sec. 2, the expected
impacts on selected indicators can be obtained. For example, the
expected effects of three different scenarios are shown in Tables
2 and 3. The three scenarios analyzed can be described as (1)
energy recovery system assuming 70% of a PCM-based energy
recovery system, (2) improved refractories assuming 30% of loss
reduction, and (3) co-firing for 20% of substitution ratio. Then, con-
sidering the above results and the required investment and priorities
of each stakeholder, the methodology presents the optimal solution.
The user has the option to prioritize the domains in a different order
to consider the internal strategies of each production process.
Once the results have been obtained for each furnace and retrofit-
ting solution, the next step includes approaching the most preferable
configuration for each furnace type. For this purpose, all the indica-
tors analyzed have been depicted in Fig. 11. Some conclusions can
be extracted from the graphical analysis. Note that the lower the per-
centage on the figure, the more profitable is the solution to be
applied.
• For the heating furnace, improvement of the furnace lining
(refractories) is the solution with the most profitable,








Melting 1455 91 0.33
Heating 1845 86 3.10
Table 2 Retrofitting scenarios analysis for the melting furnace system
Domain Technical Environmental TA
Innovation MY (%) Volume NG saved/mass Al
(Nm3/kg)
CO2 emissions
(gCO2 eq/kg Al saved)
NOx emissions
gNOx eq/kg Al saved
Exergy cost reduction
(Wh/kg Al)
Energy recovery 65 0.024 54 0.063 48
Refractories 57 0.018 40 0.047 6
Co-firing – 0.014 48 0.037 –
Table 3 Retrofitting scenarios analysis for the heating furnace system
Domain Technical Environmental TA
Innovation MY (%) Volume NG saved/mass Al
(Nm3/kg)
CO2 emissions





Energy recovery 10 0.001 26 2.706 78
Refractories 37 0.098 198 20.040 365
Co-firing – 0.039 78 8.119 –
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whereas integration of a PCM-based energy recovery system is
the least profitable.
• For the melting system, the most convenient solution is the
implementation of a PCM-based energy system partially due
to the high energy content of exhaust gases [26]. Improvement
of refractories would be the second option for the selected
indicators.
• Co-firing implementation displays a similar effect on all indi-
cators analyzed independently of the furnace type.
• The reduction in the exergy cost of the product caused by the
incorporation of retrofitting solutions strongly depends on the
natural gas saving. However, when analyzing the relative
impact of the implementation of each solution, all the innova-
tions present a small impact on the exergy cost reduction
because the high chemical exergy of the processed products
remains unchanged.
It is noteworthy that the obtained results are validated using an
extensive database within the software, which compares the
results with previously validated ranges in pilot experiences and
publications.
4 Conclusions
For Industry 4.0, industrial data should be processed using
advanced mathematical techniques, including MCDA for integrat-
ing process and/or system and selecting high impact technologies
to be applied. To improve the efficiency of industrial furnaces, dif-
ferent retrofitting measures can be implemented, such as refractory
layers, energy recovery solutions, and new burner (co-firing) strat-
egies. However, due to the high level of competition in the market,
decision-makers need a holistic perspective to foresee the effects of
new technologies on the overall system performance and generate
new advances to facilitate the implementation of Industry 4.0. To
solve this challenge, a novel approach based on technical indicators,
LCA, LCC, and TA, has been presented. Then, a multicriteria anal-
ysis, based on criteria and subcriteria, has been applied to select the
most profitable retrofitting solution using AHP and stakeholder
expertise.
Using this approach, two case studies on the aluminum sector
have been thoroughly analyzed. The first case study is the alumi-
num melting furnace, where more than 40% of the energy is utilized
for melting. Also, 23% of the energy is saved by recovering exhaust
gases that are being delivered to the environment. The second case
study demonstrated that the aluminum heating furnace has an enor-
mous potential in saving energy directly in the chimney and through
the furnace walls and openings. Different options have been evalu-
ated resulting in different scenarios that can be applied individually
or together. Once the multicriteria analysis was provided by the
tool, a prioritization strategy was applied to identify the most con-
venient option. For this purpose, additional analysis such as the
evaluation of potential investment and the internal return rate is
required. Consequently, this methodology can be considered as
the first stage that guarantees technical, environmental, and eco-
nomic feasibility, which considers and integrates horizontal and
vertical value chain analyses as a pillar of Industry 4.0 previous
to apply more complex engineering calculations.
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Nomenclature
f = fuel
h = enthalpy, kJ/kg
m = mass flow, kg/s
E = energy, kWh/h
Tmin = minimum temperature of exhaust gases
eg = exhaust gases
Fig. 11 Multicriteria analysis diagram












HY = heating yield, %
MY = melting yield, %
NEI = net energy input, kWh/h
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